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Research
Many studies have linked both short-term 
and long-term ambient particulate matter 
(PM) air pollution to increased morbidity 
and mortality of cardiovascular diseases in 
the general population (Clancy et al. 2002; 
Dockery 2001; Goldberg et al. 2006; Larrieu 
et al. 2007), but the biologic mechanisms of 
these associations remain unclear. Altered 
cardiac autonomic function, as reflected by 
alterations of heart rate variability (HRV), 
is considered one of the pathophysiologic 
pathways through which PM air pollution 
influences the cardiovascular system (Pope 
et al. 2004a; Rhoden et al. 2005). Increased 
PM air pollution has been associated with 
declines in HRV in older people and in 
patients with current or underlying cardio-
vascular diseases (Gold et al. 2000; Liao et al. 
1999; Park et al. 2005; Pope et al. 2004b; 
Riojas-Rodriguez et al. 2006; Schwartz et al. 
2005), suggesting that they are susceptible 
to the ambient PM air pollution. On the 
other hand, results from previous studies on 
the relationship between PM exposure and 
HRV in younger individuals have not been 
consistent. Some studies have observed nega-
tive exposure–response associations between 
PM exposure and HRV (Cavallari et al. 
2007; Magari et al. 2001, 2002a; Vallejo 
et al. 2006), whereas others have report posi-
tive associations (Magari et al. 2002b; Peretz 
et al. 2008; Riediker et al. 2004). These dif-
ferent findings suggest a complicated mecha-
nism through which the cardiac autonomic 
system responds to PM exposure in younger 
individuals.
The ambient PM air pollution in Beijing 
during the 2008 Olympic Games (from 
8 August to 20 September) decreased mark-
edly after a series of air quality control 
meas  ures were implemented by the Beijing 
municipal government, including banning the 
use of more than half of the motor vehicles 
in Beijing every day. The marked changes of 
PM air pollution before, during, and after 
the Beijing 2008 Olympic Games provided 
a unique opportunity to investigate the effect 
of a wide range of PM exposure on cardiac 
autonomic function. We conducted an occu-
pational panel study to evaluate the relation-
ship between the PM2.5 exposure and changes 
in HRV in a group of young, healthy taxi 
drivers who were exposed to relatively high 
traffic-related PM air pollution before, during, 
and after the Beijing 2008 Olympic Games. 
The objectives of this study were a) to deter-
mine whether reduced PM air pollution in 
Beijing during the Olympic Games improved 
the HRV, and b) to quantitatively evaluate the 
percent changes of HRV corresponding to the 
increase of PM levels by controlling poten-
tially confounding variables.
Materials and Methods
Study subjects and protocol. This study was 
designed as a panel study. Forty-four young, 
nonsmoking taxi drivers were recruited from 
several taxi companies in Beijing. A self-
  administered questionnaire was used to col-
lect personal information, including name, 
sex, age, years of employment as a taxi driver, 
smoking status, education, and history of car-
diovascular diseases or other diseases. Drivers 
were then physically examined and tested for 
seated blood pressure, resting electrocardio-
gram (ECG), blood cholesterol, triglycerides, 
and high- and low-density lipoproteins. To 
increase the homogeneity of subjects and 
reduce confounding, we used the following 
inclusion criteria to select subjects for this 
analysis: nonsmoking; no history of physician-
diagnosed cardiovascular, pulmonary, neuro-
logic, or endocrine diseases; body mass index 
(BMI) ≤ 30, normal blood pressure; normal 
resting ECG and normal blood test results; 
daytime taxicab driving hours; and employ-
ment as a taxi driver for at least 1 year. Using 
these criteria, a total of 14 taxi drivers were ini-
tially selected to participate in the study. The 
study was approved by the Institutional Review 
Board of Peking University Health Science 
Center, and informed consent was obtained 
from each subject before the study began.
Continuous measurements of personal 
exposure to PM with an aerodynamic diam-
eter ≤ 2.5 µm (PM2.5) and ambulatory ECG 
monitoring were conducted on each sub-
ject during a 12-hr work shift (0900–2100 
hour) before (26 May to 19 June), dur-
ing (11 August to 5 September), and after 
(27 October to 14 November) the Beijing 
2008 Olympic Games. Measurements were 
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Ba c k g r o u n d: Heart rate variability (HRV), a marker of cardiac autonomic function, has been 
  associated with particulate matter (PM) air pollution, especially in older patients and those with 
cardio  vascular diseases. However, the effect of PM exposure on cardiac autonomic function in 
young, healthy adults has received less attention.
oBjectives: We evaluated the relationship between exposure to traffic-related PM with an aerody-
namic diameter ≤ 2.5 µm (PM2.5) and HRV in a highly exposed panel of taxi drivers.
Me t h o d s : Continuous measurements of personal exposure to PM2.5 and ambulatory electrocar-
diogram monitoring were conducted on 11 young healthy taxi drivers for a 12-hr work shift during 
their work time (0900–2100 hr) before, during, and after the Beijing 2008 Olympic Games. Mixed-
effects regression models were used to estimate associations between PM2.5 exposure and percent 
changes in 5-min HRV indices after combining data from the three time periods and controlling for 
potentially confounding variables.
re s u l t s: Personal exposures of taxi drivers to PM2.5 changed markedly across the three time 
  periods. The standard deviation of normal-to-normal (SDNN) intervals decreased by 2.2% [95% 
confidence interval (CI), –3.8% to –0.6%] with an interquartile range (IQR; 69.5 µg/m3) increase 
in the 30-min PM2.5 moving average, whereas the low-frequency and high-frequency powers 
decreased by 4.2% (95% CI, –9.0% to 0.8%) and 6.2% (95% CI, –10.7% to –1.5%), respectively, 
in association with an IQR increase in the 2-hr PM2.5 moving average.
co n c l u s i o n s: Marked changes in traffic-related PM2.5 exposure were associated with altered car-
diac autonomic function in young healthy adults.
key w o r d s : air pollution, cardiac autonomic function, epidemiology, heart rate variability, par-
ticulate matter. Environ Health Perspect 118:87–91 (2010).  doi:10.1289/ehp.0900818 available via 
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performed only on weekdays (from Monday 
to Friday) to reduce variation due to changes 
in traffic flow across the week (weekend traffic 
was more irregular).
HRV measurements. A three-channel 
Holter recorder (model MGY-H7; DM 
Software Inc., Stateline, NV, USA) was used for 
ambulatory ECG monitoring. Each subject’s 
skin was carefully cleaned with alcohol pads by 
a trained technician before the electrodes were 
connected. Modified V1 and V5 leads were used 
to obtain the cardiac electro  physiologic signals. 
Each subject wore the Holter recorder for 12 
hr from the beginning (0900 hour) to the end 
(2100 hour) of the work shift, and each subject 
was also given a daily work diary to record per-
sonal activities such as eating or resting. Each 
12-hr ambulatory ECG tape was processed 
using the software for the Holter recorder 
(Holter System, version 12.net; DM Software 
Inc.). Only normal-to-normal (NN) beat inter-
vals from 600 msec to 1,500 msec with NN 
ratios between 0.8 and 1.2 were included in 
the data analysis. All abnormities and noises 
were excluded based on standard criteria (Task 
Force of the European Society of Cardiology 
and the North American Society of Pacing and 
Electrophysiology 1996) to ensure the quality 
of data. Three indices of HRV were calculated 
and used in the analysis: a) standard deviation 
of NN intervals (SDNN), b) low-frequency 
(LF) power (0.04–0.15 Hz), and c) high-fre-
quency (HF) power (0.15–0.40 Hz). These 
HRV indices were all calculated in standard 
5-min segments throughout the entire record-
ing, but data collected when drivers were not in 
the taxicab were deleted to reduce confounding 
by nondriving-related activities. Because the 
subjects spent most of their work time inside 
the taxicab and always kept a stationary sitting 
posture, the monitoring environment was con-
sidered relatively stable. Consequently, 5-min 
HRV indices could be used to analyze the asso-
ciation between personal PM exposure and 
HRV with little interference due to changes in 
activity level or position.
Exposure to air pollutants and micro  climate 
variables. Air pollutant concentrations were 
measured continuously and simultaneously 
using monitoring equipment installed inside 
each taxicab. Real-time concentrations of PM2.5 
were measured by a portable aerosol spectrom-
eter (model 1.109; Grimm Technologies Inc., 
Douglasville, GA, USA), logged in 1-min inter-
vals, and aggregated as 5-min averages. The 
daily mean concentration of PM2.5 for each 
driver was obtained directly from the equip-
ment by averaging all data points obtained 
during the day. PM2.5 mass was also collected 
gravimetrically on polytetrafluoroethylene filters 
(Whatman Inc., Florham Park, NJ, USA) using 
an SKC sampling system (2.5-µm personal 
environmental monitor and AirChek XR5000 
sampling pump; SKC Inc., Eighty Four, PA, 
USA). Real-time measurements of PM2.5 were 
influenced by seasonal changes in weather. 
Therefore, real-time concentrations were cali-
brated based on the average PM2.5 mass concen-
tration obtained from the gravimetric analysis 
each day to ensure a more reliable measure of 
individual exposure [see Supplemental Material 
available online (doi:10.1289/ehp.0900818.S1 
via http://dx.doi.org/)].
Concentrations of carbon monoxide (CO), 
nitrogen dioxide (NO2), and nitric oxide 
(NO) were also measured in order to evaluate 
confounding effects of these gaseous pollut-
ants on the relationship between PM2.5 and 
HRV. CO was measured with a model T15n 
enhanced CO measurer (Langan Products 
Inc., San Francisco, CA, USA), and NO2 and 
NO were measured using a passive sampler 
(Ogawa Air Inc., Osaka, Japan) and analyzed 
according to the manufacturer’s specifications. 
Real-time temperature and relative humid-
ity (RH) data were measured using a HOBO 
Pro V2 temperature/RH logger (Onset Corp., 
Pocasset, MA, USA), logged at 1-min intervals 
and aggregated as 5-min averages.
Traffic routes were recorded using a 
model M-241 wireless global positioning sys-
tem (GPS) logger (HOLUX Technology Inc., 
Hsinchu, Taiwan). Drivers used a work diary 
to record their activities, car window status 
(open vs. closed), and air conditioner use (on 
vs. off) throughout the monitoring periods.
Statistical analysis. Field data were checked 
for completeness on site, and efforts were made 
to ascertain missing data as needed. HRV 
indices were log10-transformed to improve 
normality and stabilize the variance. Data col-
lected when drivers were not in their taxicab 
were identified based on work diaries and GPS 
records and were excluded before analysis. 
All statistical analyses were performed using 
SAS software for Windows (version 9.1; SAS 
Institute Inc., Cary, NC, USA).
We conducted measurements on each 
subject during each time period in order to 
compare associations between different PM2.5 
exposure levels and HRV. To facilitate logical 
and accurate comparisons and interpretation, 
we tested the data structure for each subject 
before analysis. The number of 5-min HRV 
indices for each subject in each of the three time 
periods should have been approximately equal; 
otherwise, the distribution of raw 5-min HRV 
indices might have been biased. We excluded 
3 subjects from the final analysis who had sub-
stantially fewer observations in one of the three 
time periods relative to the other two because of 
less time (< 5 hr) spent inside the taxicab dur-
ing that shift. Therefore, data from the remain-
ing 11 subjects were used for the analysis on the 
association between PM2.5 exposure and HRV.
We first compared raw 5-min HRV indi-
ces during the three time periods using one-
way analysis of variance (ANOVA) and then 
used mixed-effects regression models to analyze 
combined data from all three time periods and 
estimate associations of varying exposure levels 
of PM2.5 with HRV. Subject and day of the 
year were treated as random effects, whereas 
age, time of day, log10-transformed heart rate, 
temperature, and RH were included as fixed 
effects. The gaseous pollutants CO, NO2, and 
NO were also individually evaluated as copol-
lutants in two-pollutant models with PM2.5. 
Both linear and quadratic terms were used to 
model moving averages of temperature and 
RH to account for nonlinear associations with 
HRV. Other potential confounders were also 
investigated: sex, BMI, years as a taxi driver, 
day of week, status of cab windows, and status 
of cab air conditioner. These variables did not 
show significant confounding effects in any of 
the regression models. Therefore, final mod-
els included random effects terms for subject 
and day of the year and fixed effects terms for 
age, time of day, log10-transformed heart rate, 
  temperature, and RH only. Table 1. Characteristics of study subjects (mean 
± SD; n = 11).
Characteristic Measure
No. female (%) 6 (55)
Age [mean (range), years] 35.5 (27–41)
Employed as a taxi driver (years) 6.0 ± 3.4
BMI (kg/m2) 26.1 ± 3.5
Seated blood pressure
Systolic (mm Hg) 107.7 ± 11.3
Diastolic (mm Hg) 71.8 ± 9.6
Resting mean heart rate (beats/min) 63.4 ± 6.2
Cholesterol (mg/dL) 173.2 ± 29.4
Triglycerides (mg/dL) 94.6 ± 45.9
High-density lipoprotein (mg/dL) 53.3 ± 8.3
Low-density lipoprotein (mg/dL) 94.0 ± 17.3
Table 2. Daily averages of exposure variables inside the taxicab.
Perioda Percentileb
Variable Before During After 25 50 75 95 IQR
PM2.5, real time (µg/m3) 95.4 ± 58.6 39.5 ± 25.2 64.0 ± 80.3 22.7  44.6  84.8  207.2  62.1
PM2.5, mass (µg/m3) 105.5 ± 44.1 45.2 ± 27.0 80.4 ± 72.5 34.6  56.6  104.1  182.5  69.5
CO (ppm) 3.6 ± 1.4 2.8 ± 1.0 2.7 ± 0.7 2.2  2.6  3.7  5.0  1.5
NO2 (ppb) 36.4 ± 12.3 30.3 ± 12.2 37.1 ± 17.0 24.2  32.8  45.3  61.0  21.1
NO (ppb) 176.1 ± 84.8 156.0 ± 77.2 268.0 ± 55.5 125.6  181.5  274.8  362.2  149.2
Temperature (°C) 30.0 ± 4.4 28.8 ± 2.0 25.0 ± 2.2 24.9  28.4  30.3  33.5  5.4
RH (%) 38.8 ± 9.5 41.7 ± 6.6 24.8 ± 5.8 28.8  35.2  40.9  51.2  12.1
aBefore, during, and after the Beijing 2008 Olympic Games indicates the periods of 26 May to 19 June, 11 August to 
5 September, and 27 October to 14 November, respectively; concentrations are presented as arithmetic mean ± SD for the 
three time periods. bPercentiles were calculated and presented after combining exposure data from all three time periods.Particulate exposure and heart rate variability
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Seven different PM2.5 moving averages 
were generated for lagged intervals rang-
ing from 5 min to 4 hr using the calibrated 
5-min average real-time PM2.5 concentrations. 
Corresponding log10-transformed 5-min HRV 
indices were regressed on the different PM2.5 
moving averages. The 30-min and 2-hr mov-
ing averages were chosen as the main exposure 
metrics because PM2.5 effects on HRV were 
mainly observed for these two lagged intervals. 
Analyses examining the influence of outlying 
exposure values on regression results were also 
performed after excluding observations in the 
top 5% and bottom 5% of the PM2.5 moving 
averages, respectively.
Final results are presented as the estimated 
percent change in each 5-min HRV index 
associated with an interquartile range (IQR) 
increase of each air pollutant as 
[10(β × IQR) – 1] × 100%,  
  with 95% confidence intervals (CIs), 
  {10[IQR × (β ± 1.96 × SE)] – 1} × 100%, 
where β and SE are the effect estimate and its 
standard error. 
Results
Table 1 presents detailed information on the 
characteristics of the 11 subjects included in 
the final analysis. Six were females (55%), 
the mean age of all subjects was 35.5 years 
(range, 27–41 years), and the mean time of 
employment as a taxi driver was 6.0 years. All 
11 subjects were in good health with blood 
pressures, resting heart rate, and blood choles-
terol, triglycerides, and lipoproteins in normal 
ranges. None of the subjects had a history of 
cardiovascular diseases or smoking.
In Table 2, we show the daily averages 
of air pollutant levels and microclimate vari-
ables inside the taxicab during each of the 
three time periods. According to the diaries 
filled in by drivers, they spent an average of 
87% of their work time inside the taxicab 
each day; thus, the results of exposure moni-
toring represent the taxi drivers’ typical per-
sonal exposure levels during their work time. 
PM2.5 exposure levels are presented as daily 
averaged real-time PM2.5 concentrations and 
daily averaged PM2.5 mass concentrations 
obtained from gravimetric analysis. Results 
from the two methods are highly correlated 
(r = 0.973, p < 0.001); therefore, we present 
results for PM2.5 mass concentrations unless 
otherwise indicated. Average individual air 
pollutant exposure levels during the Olympic 
Games were much lower than levels before 
and after the Olympic Games, especially lev-
els of PM2.5, which decreased to less than half 
the average level recorded before the Olympic 
Games (45.2 µg/m3 vs. 105.5 µg/m3, respec-
tively). The study lasted for about half a year, 
from the end of spring to the end of fall, 
resulting in differences in temperature and 
RH across the three time periods.
Table 3 presents the distribution of raw 
5-min HRV indices across the three time peri-
ods. It is evident that all three indices of HRV 
were higher during the Olympic Games than 
before and after the Olympic Games. One-
way ANOVA indicated significant differences 
for all three 5-min HRV indices among the 
three time periods (p < 0.0001).
We estimated associations between the 
5-min HRV indices and different PM2.5 
moving averages (from 5 min to 4 hr) after 
combining data for each subject across the 
three time periods and adjusting for poten-
tially confounding variables. IQR increases 
in PM2.5 mass concentrations were associ-
ated with declines in all three 5-min HRV 
indices (Figure 1). Table 4 shows adjusted 
associations between IQR increases in 
30-min and 2-hr PM2.5 moving aver-
ages and the 5-min HRV indices. An IQR 
(69.5 µg/m3) increase in the 30-min PM2.5 
moving average was associated with a 2.2% 
decline (95% CI, –3.8% to –0.6%) in the 
SDNN. Associations with LF and HF pow-
ers were stronger for an IQR increase in the 
2-hr PM2.5 moving average, with decreases of 
4.2% (95% CI, –9.0% to 0.8%) and 6.2% 
(95% CI, –10.7% to –1.5%), respectively. 
We also performed the same regression mod-
els after excluding observations in the top 
5% and bottom 5% of the PM2.5 moving 
averages, to evaluate the influence of outlying 
exposure values on associations. Effect esti-
mates became more negative, especially those 
for LF and HF powers in association with the 
30-min PM2.5 moving average.
Table 3. Distribution of 5-min HRV indices by time period.
Variable/period na
Percentile
25 50 75 95
5-min SDNN (msec)
Before 1,320 34 44 54 78
During 1,366 39 49 58 76
After 1,309 35 44 54 72
5-min LF power (msec2)
Before 1,298 304.7  507.6  830.8  1506.2 
During 1,360 353.5  606.2  888.6  1526.2 
After 1,287 310.6  500.1  803.1  1509.5 
5-min HF power (msec2)
Before 1,298 52.1  97.9  185.1  375.6 
During 1,360 81.9  139.0  222.8  420.3 
After 1,287 60.9  126.4  228.7  425.6 
aSample size after excluding all abnormities and noises, as well as the data of the time when drivers left the taxicab.
Figure 1. Percent changes (95% CIs) in 5-min HRV indices associated with an IQR (69.5 µg/m3) increase of 






















































































Table 4. Estimated percent changes (95% CIs) in 5-min HRV indices in lagged PM2.5 moving averages.
30-min moving average 2-hr moving average
Variable All data
Excluding outlying 
exposure valuesa All data
Excluding outlying 
exposure valuesa
5-min SDNN –2.2 (–3.8 to –0.6)** –3.5 (–5.7 to –1.2)** –1.1 (–3.3 to 1.1) –1.6 (–4.2 to 1.1)
5-min LF power –2.8 (–6.6 to 1.0) –5.8 (–10.7 to –0.5)* –4.2 (–9.0 to 0.8) –4.8 (–10.6 to 1.3)
5-min HF power –4.1 (–7.6 to –0.5)* –7.1 (–11.6 to –2.4)** –6.2 (–10.7 to –1.5)* –7.8 (–13.1 to –2.3)**
Effect estimates are percent changes for per IQR (69.5 µg/m3) increase of PM2.5 moving averages, adjusted for age, time 
of day, log10-transformed heart rate, and linear and quadratic terms of moving averages of real-time temperature/RH 
corresponding to the PM2.5. 
aWith observations in the top 5% and bottom 5% of the 30-min and 2-hr PM2.5 moving averages, respectively, removed. 
*p < 0.05; **p < 0.01.Wu et al.
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To further explore potential heterogene-
ity from person to person, we fitted subject-
specific regression models using data from all 
three time periods. Figure 2 shows the distri-
bution of the subject-specific effect estimates 
for an IQR increase in the 30-min PM2.5 
moving average for all three 5-min HRV indi-
ces. The relatively wide range of effect esti-
mates suggests that individual heterogeneity 
was present despite the strict inclusion criteria 
used to select participants for the study. For 
example, 8 effect estimates for percent change 
in SDNN with an IQR increase in PM2.5 
were negative, and 3 were positive. Results for 
LF and HF powers were similar.
Furthermore, we fitted exposure–response 
curves for PM2.5 on 5-min HRV indices based 
on regression models combining data across 
the three time periods. Figure 3 shows the esti-
mated relationship between the 30-min PM2.5 
and 5-min SDNN using a loess smoother with 
a smoothing parameter of 0.6. The relation-
ship between PM2.5 and SDNN is not lin-
ear. Specifically, there is a positive association 
between PM2.5 and percent change in SDNN 
when PM2.5 concentrations are relatively 
low (up to 49.3 µg/m3), but the association 
becomes negative when PM2.5 concentra-
tions are higher, and eventually levels off for 
the highest levels of PM2.5. Results for the 
LF and HF powers were similar to those for 
SDNN [see Supplemental Material, Figure 1 
(doi:10.1289/ehp.0900818.S1)]. These 
findings may provide a reasonable explana-
tion for the more negative estimated percent 
changes in 5-min HRV indices after excluding 
observations in the top 5% and bottom 5% of 
the PM2.5 moving averages (Table 4).
We investigated potential confounding 
by the gaseous pollutants CO, NO2, and NO 
by including each of them in a two-pollutant 
model with PM2.5. In general, adjusting for CO 
weakened effect estimates for PM2.5 on HRV, 
whereas adjusting for NO2 made them some-
what stronger. Adjusting for the copollutants 
decreased the precision of the estimates, but the 
overall results were generally consistent with 
estimates that were not adjusted for the copol-
lutants [see Supplemental Material, Table 1 
(doi:10.1289/ehp.0900818.S1)]. Separate 
models to estimate associations of CO, NO2, 
and NO with HRV generally did not support 
associations between these pollutants and the 
outcomes [see Supplemental Material, Table 2 
(doi:10.1289/ehp.0900818.S1)].
Discussion
In this study, we assessed real-time personal 
exposure to traffic-related PM2.5 across three 
time periods associated with substantial dif-
ferences in exposure levels, and evaluated 
the relationship between PM2.5 and HRV as 
meas  ured by ambulatory ECG in a selected 
group of young, healthy, nonsmoking taxi 
drivers. The levels of traffic-related PM2.5 to 
which taxi drivers were exposed in our study 
(especially the levels before the Olympic 
Games) were much higher than ambient or 
personal PM exposure levels reported in pre-
vious studies of populations in other coun-
tries (Holguín et al. 2003; Park et al. 2005; 
Riediker et al. 2004; Riojas-Rodriguez et al. 
2006). To the best of our knowledge, this is 
the first study to show effects of varying lev-
els of traffic-related PM exposure on cardiac 
autonomic function in a highly exposed occu-
pational panel.
A major strength of this study is that we 
evaluated the same workers during three dif-
ferent time periods that had markedly differ-
ent PM air pollution levels, which allowed 
us to compare the corresponding levels of 
5-min HRV indices among different time 
periods. A comparison of raw 5-min HRV 
indices indicated that the low PM2.5 expo-
sure period (during the Olympic Games) was 
associated with relatively high HRV, whereas 
higher PM2.5 exposures (before and after the 
Olympic Games) were associated with rela-
tively low HRV.
Decreased HRV has been regarded as a 
risk factor for cardiac morbidity and mortality 
(La Rovere et al. 2003; Lombardi et al. 2001), 
and previous studies have linked decreased 
HRV to ambient PM air pollution (Gold 
et al. 2000; Liao et al. 1999, 2004; Magari 
et al. 2002a; Park et al. 2005; Pope et al. 
2004b), occupational PM exposure (Cavallari 
et al. 2007; Magari et al. 2001, 2002a), and 
PM air pollution related to traffic (Schwartz 
Figure 2. Subject-specific effect estimates (percent changes with 95% CIs) for 5-min HRV indices associ-
ated with an IQR (69.5 µg/m3) increase in the 30-min PM2.5 moving average. The x-axis indicates different 
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Figure 3. Smoothed curve showing percentage deviation from mean predicted 5-min SDNN according 
to the 30-min PM2.5 moving average (based on the model with all other covariates adjusted). The 30-min 
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et al. 2005). Our results suggest that marked 
changes of PM air pollution may lead to car-
diac autonomic imbalance in young healthy 
individuals, as indicated by declines in several 
5-min HRV indices in taxi drivers.
Several previous studies also have asso-
ciated PM exposure with HRV in younger 
individuals (Cavallari et al. 2007; Magari 
et al. 2001, 2002a, 2002b; Peretz et al. 2008; 
Riediker et al. 2004; Vallejo et al. 2006), 
but results reported in these studies were not 
consistent with each other. A previous study 
of nine young, healthy, nonsmoking, male 
patrol troopers with a mean age of 27.3 years 
used short-term HRV (10 min) to evaluate 
the effect of traffic-related PM exposure on 
cardiac autonomic function (Riediker et al. 
2004). The PM2.5 exposure levels in patrol cars 
were monitored for 4 consecutive days on each 
trooper during their work shift (from 1500 hr 
to midnight shift), and several periods of short-
term HRV were assessed. Results showed that 
each 10-µg/m3 increase of in-vehicle PM2.5 
(average of 24 µg/m3) was associated with a 
significant 11.7% increase in SDNN and a 
significant 14.8% increase in HF power the 
next morning. These findings suggest that 
that young, healthy individuals may respond 
to PM2.5 exposure differently than do older 
people and patients who have reduced cardio-
vascular dynamism and altered vagal (para-
sympathetic) function. On the other hand, 
some studies have reported declines of HRV in 
younger individuals who were exposed to PM 
occupationally (Cavallari et al. 2007; Magari 
et al. 2001) or environmentally (Magari et al. 
2002a; Vallejo et al. 2006) at higher levels. 
Magari et al. (2001) observed a significant 
2.66% (95% CI, –3.75% to –1.58%) decline 
in 5-min SDNN for every 1-mg/m3 increase 
in the 4-hr PM2.5 moving average due to occu-
pational, personal PM2.5 exposure (arithme-
tic mean ± SD, 0.697 ± 0.665 mg/m3) in 33 
boilermakers with a mean age of 38.1 years. 
Cavallari et al. (2007) found similar results 
in a group of male boilermaker welders who 
were exposed to an average PM2.5 level of 
0.73 ± 0.50 mg/m3, using several indices of 
nighttime HRV (0000–0700 hr) as indicators; 
a 1-mg/m3 increase of 8-hr time-weighted 
average concentration of workday PM2.5 expo-
sure was associated with a significant decline of 
8.32 msec (95% CI, –16.29 to –0.35 msec) in 
nighttime sqare root of the mean squared dif-
ferences of successive intervals (rMSSD), after 
adjusting for nonworking nighttime HRV, 
age, and smoking.
The results of our study are generally con-
sistent with those that have reported declines of 
HRV with PM exposure in younger individu-
als. However, results from regression models 
for each subject showed heterogeneity among 
subjects, and we found that several subjects 
in our study had positive associations for the 
three 5-min HRV indices with traffic-  related 
PM exposure. These subjects might have 
responded to PM in a similar way as reported 
by Riediker et al. (2004). On the other hand, 
smoothed curves showing associations between 
PM exposure and 5-min HRV indices also 
indicated that lower PM exposures were asso-
ciated with increases in HRV whereas higher 
PM exposures were associated with decreases in 
HRV. Thus, differences between studies may 
also be related to differences in exposure lev-
els. Overall, factors affecting heterogeneity of 
responses to PM exposure remain unclear, and 
further study is needed to explore the mecha-
nisms behind the different responses to PM 
exposure in younger individuals.
Traffic density was different across the 
three time periods because of the Olympic 
Games (half of the motor vehicles in Beijing 
were banned from the streets each day during 
the Olympic Games), and this change in traffic 
density might have introduced a confounding 
effect by influencing the stress level of subjects, 
because previous studies have found associa-
tions between HRV and work-related stress 
(Kang et al. 2004; Saito et al. 2008; Vrijkotte 
et al. 2000). To partly control variation in 
stress levels across different time periods, we 
used a random effect for day of the year in 
regression models.
In summary, our study revealed an asso-
ciation between PM exposure and HRV in a 
group of young, healthy taxi drivers who were 
exposed to much higher traffic-related PM air 
pollution than the general population. This 
finding provides further evidence that PM air 
pollution affects cardiac autonomic function 
in young, healthy individuals.
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